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A THERMAL EQUATION FOR FLAME QUENcmG I

By A. E. Po!rmrt,Jr., and A. L. BERLAD

SUMMARY

An approxiti thermal equatwn was derivedfor quenching
dietance bwed on a previously propo8ed d@&naJ treatment.
The gwmching d&tancew expre-88edin term? of the thermai?
conductivity, the jwel mole fraction, the heat capacity, the rate
qf the rakcontrolling chemical reaction, a cmun!antthat depena%
on tlw geometry of the quenching swface, and one empirical
constati.

The ejk?t of presw.re on quenching dim!ancewas &3wn to be
inrer8ely proportional to the premure dependence of tifime
reaction, wii% a 8nu7Ucorrec&7nn.we+mkkd by the e~wt of
pre88ureonjkme L9mperatuxe.

The equationwas wed withthe Semmwvegud.on for burning
i’elocityto 8h.Owthatthe quenchingdtince w inver8elypropor-
tional to bwrnkg vdocity and preesure at any given initial
temperatureand eqwiuk?erweratw.

In orokr to use the equation& experimem!a.1data, the rate-
controtiingreaction mwt be .qx@ied. Two choiw were made:
(1) the reuction betweenactive ‘part& andjuel (correspo?w%
to the di@sionaJ .qua$im), and (3) the red-on bdween oxygen
and.fud.

T& two equations, one bawd on the acti.ae-patiti--ud
reaction, the other bawl on the oxygen-fuel readon, were ttxtd
u8ing published dalu for the qwenching of propaneaygtm-
nitrogen $amtx. The data 8ekted in.ciwded the e$ect on
quenching dtk?amceof oxygen-nitrogen rtiw, propane concen-
tration, and inii!ial mixture temperature and prtwure. A
correlakm of these data m obtained W@ each of the two
eq.uzlions,akkgh both possew?d 8hortcomhg8. The equation
Wing h active-particle-juel reaction did not correlate data
for all ~ch m~ur~; % e@h u&.g the ~g~-d reac-
twn, while com.?ating data for both rich and lean mixi5urtx,
8Aowed a larger deviation from the pred&ed linear relution
then the otherequation.

INTRODUCTION

The process of flame quenching is of interest, since it may
be related to other combustion phenomena of engineering
importance, such ss flame stabilization, flammability limits,
nncl the general behavior of flames near cold walls. Flame-
quenching proceeseabecome especially important in turbojet
combustion systems when operation at low pressure (i. e.,

high altitudes) is considered. Flame quenching is usually
studied experimentally in terms’ of the quenching distance,
which is deiined as the minimum channel size that will allow
a given flame to propagate. Most of the available quenching
data have been obtained either by (1) observation of the
minimum tube diameter or rectangular slot width that will
allow a flame to flash back, or by (2) determination of the
minimum distance between plane-parallel plates that will
allow a flame to propagate from a spark of minimum igni-
tion enerw.

A rigorous theoretical treatment of the quenching process
appears to be a most d.ifiicult task (refs. 1 and 2). Conse-
quently, pre3ent theoretical treatments of quenching are
necessarily approximate and seek primarily to correlate the
quenching process with the variables that affect it, such as
pressue, temperature, fuel type and concentration, inerk
gas concentration, and quenching-surface geometq-.

Approximate treatments of quenching have been bssed
either on a thermal or a diffusional mechanism for the process
(refs. 3 and 4). Such apparently different outlooks yield
results consistent with experimental data because the equa-
tions for heat and maw transfer are formally identical, and
because the thermodiffusivity and the molecular dHushi@
are numeriwdly nearly equal (ref. 5). Thus, each purely
thermal approach to a combustion process hss a difhsional
analog.

A quenching-distance equation that succ=fully correlates
lean quenching data (refs. 4, 6, and 7) is the &lonal
equation given in reference 4. Unfortunately, the use of
this equation in ite pre5ent form is limited to stoichiometric
or lean mixtures. The source of this difficulty appears to
be the choice of the reaction kinetics.

Essentially, the objective of this paper is to extend, if
possible, the useful range of the quenching concepts of
reference 4 to include hydrocarbon-rich mixtures. Because
of the simikwities between hat and msss flow, it is to be
expected that a thermal analog equation can be derived that
will correlate data equally as well M the difhsional equation
of reference 4. It is felt that such an alternate thermal
equation is more susceptible to changes in the reaction
betica than the original diffusional model. The result of
such changw is an extension of the useful range of fuels and
oxidants that may be treated.
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This report contains the derivation of a thermal quenching
equation in which the rate-controlling reaction is not speci-
fied. Two possible rate-controlling reactions are postulated,
and the resulting two quenching equations are tested using
published quenching data. It is shown that, if the oxygen-
fuel renction is assumed to be rate-controlling, quenching
data are satisfactorily correlated for both rich and lean
propmw-o.~gen-nitrogen flames. The pressure dependence
of the quenching distance and the relation of quenching
distance to burning velocity are also discussed.

THEORY

It is possible to obtain the thermal equation directly from
the diffusional equation (if the initial assumption is slightly
altered), but it is felt that the derivation presented below is
more understandable and allows the assumptions involved
to be clearly seen.

For a quenching equation, an initial postulate concerning
the conditions under which a flame can exist tilde a tube
is nece9sary. A reasonable postulate is as follows: If the
heat lost by the flame t.o.the tube walls exceeds a critical
value, the flame will be quenched. Since a definite amount
of heat is produced in a given flame, an equivalent state-
ment is that, in order for a flame to exist, the heat retained
by it must be greater than a critical amount. It will-be
assumed that this critical amount is a
the total heat produced in the flame.
be written as

H,> ~~

(Symbols are defied in the appendix)

constant fiction of
The criterion may

(1)

For the combustion of hydrocarbons, complete combustion
of the fuel is assumed to occur for all mixture compositions.
Consequently, the total heat produced by the process may
be written as the product of the mole fraction of fuel in the
unburned gas Xj and the heat”produced upon the disappear-
ance of 1 mole of fuel AH (as defined herein, AH is constant
and equal to the heat of combustion to CO~ and H20 only
for stoichiometric or lean mixtures; for rich misture9, AH
decreases as the oggen concentration decreases). Thus,
for hydrocarbon flames, equation (1) may be written as

H,> FXIAH (2)

The heat retained by the flam~ can be written in terms of
heat capacity and average temperature of the flamein the tube

H,=~p(~– TO) (3)

Equation (2) mu then be written as

~~(~– 2’.)> FX~AE (4)

The average temperate of the flame may be found if it
is assumed that heat flow to the walls follows a ditl’ercmtird
equation of the form

(T–TO)”=; (5)

Here, g is the rate of temperature rise caused by chemical
reaction, x is the thermodMusivity and primes refer to
differentiation with respect to z.

The result of integrating and averaging equation (5) with
the boundary condition T= T. at the wall is the equation

(6)

In this equation d is a characteristic dinmnsion of tho tube,
and G~is a constant associated with the geometric shape of
the tube. Derivations of (74values for various geometries
are given in referenca 7. Equations (4) and (6) may bo
combined to give

~ >FX,AHX
Q,– q

(7)

In order for a flame to pass down a tube, the tube size,
given by @/Q,, must be equal to or greater than tho righ~
side of equation (7). Siice the quenching distance is tho
characteristic tube dimension that just quenches n given
flame, equation (7) can be written as a quenching-distance
equation by removing the inequality sign;

Then the thermodithsivity x can

K@!’

‘=PCP, ,

be written as

(9)

The rate of temperature rise g can be written as

RTAHw (lo)
‘= P@V

Here, w is the rate of disappearance of fuel, molecules per
cubic centimeter per second.

Equations (8), (9), and (10) may be
the thermal quenching equation

~=F@?K,&

(?,,,W

combined to give for

(11)

The most important fact concerning this equation is that
the form for w is not speciiied; any reaction may be chosen
as rate-controlling.

Equation (11) may be derived from the diffusional equa-
tion if it is assumed that the thermodiifusivity and diffusion
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cocflicient are equivalent, and if the criterion for flame prop-
agation is assumed to be that the number of reaction events
per cubic centimeter must be a critical fraction of the total
number of events that normally occur in the unconfined
flame.

In tmma of the active-pmticle-fuel reaction (the reaction
specified as rate-controlling in the diifusional equation of
ref. 4), the reaction rate w is given by

w=kga+ (12)

If a collision-theory-type temperature dependence is aa-
signed to k~,equation (12) becomes

–E,
()

W=BIG~Ci,, T# exp —
RT,

(13)
i

Combination of equations (10) and (13) gives

The choice of rate-cmdrolling reaction is not limited to
the active-pmticle-fuel reaction. For example, it is possible
to follow Semenov (ref. 8) and assume the reaction in the
combustion zone to be bimolecular and fit-order with
respect to fuel and oxygen. For this assumption, the real
rending specie are obviously not fuel and oxygen molecnks,
but such an assumption is satisfactory if tie concentrations
of the reacting species are proportional to the fuel and oxygen
concentrations. In this case, then, the rate of the reaction
is given by

w=k~$, (15)

If a collision-theory-type temperature dependence is as-
signed to k,, equation (15) becomes

(16)

The combination of equations (10) and (16) gives

In order to test equations (14) and (17), data for the
quenching of propanearggen-nitrogen flames were used.
Tbeae data points include the effect on quenching distance
of oxygen-nitrogen ratio, fuel concentration and prwmre
(ref. 6), and initiil temperature (ref. 9).

In order to use equation (14), the assumptions made in
reference 4 concerning the active-particle-fuel reaction were
followed: T, was taken to be 0.7 Tr, the partial pressure of
fuel in the reaction zone was assumed to be one-half the

partial pressure of fuel in the unburned gas, the partial
pressures of the active particles (H atoms, OH radicals, and
O atoms) in the reaction zone were assumed to be 0.7 times
their partial pressure in the adiabatic equilibrium flame,
and Et was assumed to be 7 kilocalories per mole (ref. 10).

In order to use equation (17), the partial pressures of fuel
and oxygen” in tie reaction. zone were taken as equal to
their valuw in the unburned gas and E. was assumed to be
38 kilocalories pm mole (ref. 11). In keeping with previous
usage (refs. 4 and 6), T, was chosen to be equal to 0.7 T~.

The thermal conductivities were calculated for the nn-
bnrned gas mixture at 0.7 T.. The ccnductivities for
oxygen, nitrogen, and propane were cdcnlated at 1553° K,
using the tables and data given in chapter 8 of reference 12.
Conductivities at other temperatures were computed on
the assumption of a %-power temperature dependence. The
thermal conductivities of the gas mixtures were calculated
as the sum of the mole fraction times the thermal conduc-
tivity of each component, or,

(18)

It was felt that this simple linear mixing rule was adequate
for systans largely composed of nitrogen and oxygen because
of their similar conductivities.

The heat capacities were calculated for the unburned gas
mixture at 0.7 T~ by the same linear mixing rule used for
the thermal conductivitiea. Individual heat capacities for
oxygen, nitrogan, and propane were calculated from data
given in reference 13.

The equilibrium adiabatic flame temperature-sand product
compositions were calculated by the matrix method of
reference 14 using the thermodynamic constants of reference
14 and the heat of formation of propane given in reference 13.

RESULTSAND DISCUSSION

CORIU?ZATIONOF QIIENCEING-D18TANCEDATA

Inasmuch as the square of the quenching distance is
predicted to be directly proportional to $, (eq. (14)) or to
4, (w. (17)), vahms of r, and ~, were calculated for the pres-
sure, equilibrium adiabatic flame composition and tempera-
ture, unburned gas composition and temperature, and tube
geometry (assumed to be plane-parallel plates) which corre-
spond to the quenching distances reported in references 6 and
9 for propane+xygen-nitrogen flames. Plots of cP against #j
and #, are shown in figures 1 (a) and (b), respectively. The
ranges of the variables included were: pressure, 0.1 to 1.0
atrnosphare; equivalence ratio, 0.33 to 1.90; mole fraction
oxygen in the oxidant mixture, 0.21 to 0.70; and unburned
gas temperature, 300° to 558° K. In figure 1 (a), it is shown
that +, (which is entirely analogous to the diflusional equa-
tion of ref. 4 except for the choice of quenching criterion)
satisfactorily correlates the eilect of these variables except
for propane-rich mixtures where q>l.2.
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A THERMAL EQUATION

Inspection of figure 1(b) reveals that $, (which includes
the oxygen-fuel reaction as the ratedeterminin g step,
rather than the active-particle-fuel reaction) correlates not
only the propane-lean, but also all the propane-rich quench-
ing data. Thus, it appears that by proper choice of the
rate-controlling reaction, the quenching concepts of refer-
ence 4 may be extended in such a way ae to include rich
mixtures for the propantwxygen-nitrogen system.

The same reaction-rate constants were ueed for mixtures
both rich and lean in propane. This may not be possible for
all hydrocarbons; it may be necesasry to use different rate
conetants for rich and lean mixtures, since it is generally
bdieved that the reaction mechmism changes in going from
a lean to a rich hydrocarbon flame.

A mean line drawn through the data presented in @e 1
reveals that the predicted linear relation between & and #j
and ~, does not hold exactly. Rather, the data are best
correlated if &m (+1)0‘a (+.)oM. This Miculty is related,
at least in part, to the choice of reaction mechanism, since
the “best correlation” exponent is changed by a change in
reaction mechanism.

PIWJWUEEDEPENDENCEOFQUENCHINGDISTANCE

Examination of the equation for quenching distance
(eq. (11)) reveals that all terms on the right side are inde-
pendent of pressure except the reaction rata m However,
hydromrbon flame t+xnperaturw change slightly with
pressure because of chang= in the extmt of dimociation.
Consequently, a pressure change indirectly affects tempera-
ture- and compositiondependent terms in the equatiom
This effect is quite small, so that the pressure dependence
of the quenching distance may be regarded as primarily.
dependent on the pressure dependence of the initial chemical
proceasea in the combustion wave.

The calculated pressure dependence of the quenching
distance (including the indirect e.tfect of pressure on flame
temperature and composition) is compared in table I with
the experimental valuea of reference 6. The average devia-
tion of the calculated values from the observed values w-as
found to be 10 percent for ~t and 17 percent for 4,. Reference
6 gives a value of 7 percent for the average deviation of
values computed for the di.ifusionalequation.

It is seen that+, does not predict the pressure dependence
as well ns dots ~~, except for the high-velocity flames at an
oxygen fraction of 0.70. This is probably because the assump-
tion of a simple seccmd~rder reaction between fuel and oxy-
gen is n poor one. Concerning prediction of preesuredepend-
ence, n better choice of over-all order would be 1.7 rather
than 2.0; this is in agreement with theoretical studies of the
pressure dependence of burning velocity (ref. 12, p. 765),
which indimte that the global reaction in most hydrocarbon
flames rangea between &at and second order. Such a choice
would also tend to improve the linearity of the relation be-
tween a? (observed) and #, (calculated).

QUENCHINGD18TANCE AND BURNtNQ VJ3LOCTTY

The relation of quenching dietance to burning velocity has
been discussed in references 3, 4, and 15. In referenca 4, an
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TABLE L—COMPARISON OF OBSERVED PRESSURE
DEPENDENCE OF QUENCHING DISTANCE

WITH PREDICTED VALUES
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equation reIating the two variabl~ is derived on a purely
diftueional baais. The thermal analog to this equation may
be derived as foIIows:

Acccmling to reference 16, the Semenov equation for the
burning velocity may be written as

“=%%?)WJ (19)

Multiplying equation (11) by equation (19), converting
spetic heats to molar heat capacities, and writing a. and POin
the form

Nxp
‘— RT.

——

yield

(20a)

(20b)

(21)

If it isassumed that ~ and w have the same pressuredepend-
ence, it follows from equation (21) that, at a given equiva-
lence ratio,

(22}
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From reference 6, it is seen that n decreases from about
—0.9 to —1.05 as the percent oxygen in the oxidant mixture
is increased from 21 to 70. Simultaneously, the btig
velocity increases from about 40 centimetms per second to
the order of 300 centimeters per second. Consequently,
equation (22) predicts that the exponent describing the pres-
sure dependence of u should incxease from about —0.1 to
0.05 as U increnses from 40 centirnetem per second to about
300 centimeters per second. This result may be compared
with the experimental findings of Lewis (ref. 17) (which
indicate an increase of about —0.05 to 0.07 as burning veloc-
ity changes ffom 40 to 300 cm/see) to confirm equation (22)
qualitatively.

Concluding REMARKS

The fact that reasonable agreement exists between experi-
ment and quenching concepts based on either heat or mass
transfer indicates only that t@e procew.es have the same
formal laws and that the thermal and molecular dithsivitiea
are either equal or remain directly proportional for the data
considered in this study. No evidence for the preponderance
of either heat or mass transfer in quenching can be deduced
from these results. The ~principal advantage gained by
formulation of the quenching concepts of reference 4 in a
“thermal” form is that a change in reaction kinetics is much
simpler.from a conceptual point of view for the “thermal”
form than for the “difhsional” form. This conceptual
advantage might be useful in a discussion of bizarre fuel-
oxidant systems for example, C+F~ flames. In addition,
the actual calculations may be simplMed, since by the proper
choice of reaction mechanism, it may become unnecessary
to calculate the equilibrium flame composition.

SUMMARYOF RESULTS

The results of an investigation into tho possibility of ex-
tending quenching concepts previously proposed to include
quenching of hydrocarbon-rich flamea may be summarized
as follows:

1. An equation for the critical quenching configuration of
a channel was derived for hydrocarbon flames:

where

cp,r
d

F

N
w
x,
Kr

~2_FQfNK,&

– C*,,W

heat capacity in reaction zone, cal/(°K) (mole)
characteristic dimension of tube geometry; quoncll-

ing distance, cm
constant that relates total heat produced by com-

bustion to heat which must be retained by flame
for it to exist

dimensionless factor, dependent only on chnnncl
geometry

Avogadro’s number
rate of reaction in reaction zone, molecukn/(cc) (me)
mole fraction of fuel in unburned gas
mean thermal conductivity in reaction zone, cal/

(cm) (see) (°K)

2. Two possible flame-initiating reactions were comidorecl
in the detailed formulation of w: (1) the reaction between
active particles and fuel molecules, and (2) the rmction
between oxygen and fuel molecules.

3. The two equations resulting from the two reaction
mechanism choices were tested using published data that
included the effect of oxygen-nitrogen ratio, fuel concentra-
tion, pressure, and unburned gas temperature on the quench-
ing distance for propane+~gen-nitrogen flamea. These
variables were correlated reasonably well for both rich and
lean flam~ by the equation involving the oxygen-fuel
reaction. The equation involving the active-particle-fuel
reaction was satisfactory primarily for lean flames.

4. It was concluded that, by the proper choice of reaction
tietics, the quenching concepts previously proposed may
be cast in a form useful for the prediction of both propane-
rich and -lean quenching data.

LEWIS FLIGHT PROPULSION LABORATORY

NATIONAL ADVISORY COMImEE FOR AERONAUTICS

tiWELAND, omo, December 6, 1864



APPENDIX

SYMBOLS

The following symbols are used in this report:
fuel concentration, moleoules/cc ,
Arrhenius constant
oxygen concentration, molecules/cc
heat capacity, cal/(°K) (mole)
average heat capacity, T. to TF, oal/(°K) (mole)
concentration of ith active particle, molec&s/cc
specific heat, cal/(°K) (g)
average speciiic heat, To to TF,cal/(°K) (g)
diffusion coefficient, sq cm/sec
chnractmistic dimension of tube geometry; quench-

ing distance, cm
activation energy, cal/mole
constant that relates total heat produced by combus-

tion to heat which must be retained by flame for
it to esist

dimensionless factor, dependent only on tube
geometry

hemt released upon consumption of 1 mole of fuel
by combustion process, cal/mole

heat produced by chemical reaction in primary
reaction zone, cal/mole

totrd heat produced by combustion of 1 mole of
unburned gas, ca,l/mole

rate constant, (cc) (molecules)/sec
average molecular weight of unburned gas, g/mole
molecularity of flame reaction
Avogdro’s number
c.xponent describing pressure dependence of quench-

ing distance
moles of reactant per moles of product from stoichi-

ometric equation
pressure, atm
rate of temperature rise, OK/sec
gas constant
temperature, “K
flame speed, cm/sec
average reaction rate in flame front as deiined by

Semenov, molecules/ (see)
reaction rate in reaction zone, molecules/ (see)
mole fraction of fuel
distance, cm
mole fraction of oxidant in oxidantAnert mixture
thermal conductivity, caJ/(cm) (see)(“K)
density, g/cc
equivalence ratio
thermodiilusivity, sq cm/sec

@tNK,X1
.

Subscripts:
1’ flame
‘i active-particle specie9

o unburned gas
T reaction zone

s involves reaction of oxygen and fuel molecules

t involves reaction of active particles and fuel

molecules
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